Introduction {#Sec1}
============

Osteoporosis is a critical public health problem due to its association with bone fragility and susceptibility to fracture \[[@CR1]\]. According to the U.S. National Institutes of Health, osteoporosis is defined as a systemic skeletal disorder characterized by compromised bone strength \[[@CR2]\]. Bone strength is not only determined by measures of bone density, such as mass and mineral density, but also by bone quality, including microarchitecture, turnover, accumulation of microdamage, mineralization, and quality of collagens \[[@CR2], [@CR3]\]. Interestingly, patients with type 2 diabetes have an increased risk of fracture despite normal or high bone mineral density (BMD) compared with non-diabetic controls, suggesting poorer bone quality in diabetic patients \[[@CR4]\].

Accumulation of advanced glycation end-products (AGEs), which are often found in diabetic patients, in bone collagen has been proposed as a factor responsible for reducing bone strength with aging \[[@CR5]\], diabetes \[[@CR6], [@CR7]\], and osteoporosis \[[@CR8]--[@CR10]\]. AGEs are a diverse class of compounds resulting from non-enzymatic reactions between glucose and proteins. A common consequence of AGE formation is covalent cross-linking, mostly to proteins including collagen. Accumulation of AGEs in bone collagen decreases the mechanical properties of bone collagen \[[@CR11], [@CR12]\]. In rats, an increase of AGE content in bone decreases the mechanical properties of bone despite normal BMD \[[@CR6]\]. In humans, the AGE concentration of cortical bone shows a significant increase with age and is negatively correlated with osteoporotic index (Singh score) \[[@CR5]\]. Moreover, the AGE content in bone is higher in patients with hip fracture than in subjects without fractures \[[@CR10]\].

In a population study, Shiraki et al. demonstrated that a high level of urinary pentosidine, a major AGE in vivo, was an independent risk factor for osteoporotic vertebral fractures in elderly women \[[@CR13]\]. Schwartz et al. reported that urinary pentosidine content was associated with increased fracture incidence in older adults with diabetes \[[@CR14]\]. The subjects of these studies were older adults who had an increased risk of life-related diseases, such as diabetes and osteoporosis. However, AGEs may accumulate before the onset of diabetes and even at a younger age. In non-diabetic Japanese subjects, serum AGE levels were independently correlated with insulin resistance, which may gradually cause diabetes \[[@CR15]\]. Pentosidine content in bone or serum increased with advancing age \[[@CR5]\]. Given that bone strength commonly peaks when a person is in his/her 20s and then gradually declines with advancing age, AGE accumulation may be associated with bone strength, if not with fractures, preclinically. Moreover, in men, the lifetime risk of any osteoporotic fracture has been assessed as being within the range 13--22% \[[@CR1]\], so osteoporosis is no longer a problem only for women and the elderly. Greater AGE accumulation may potentially be related to poorer bone strength in apparently healthy adult men.

Thus, in this study, we examined the association between skin autofluorescence (AF), which is associated with skin accumulation of AGEs, including pentosidine \[[@CR16]\], and quantitative ultrasound examination of calcaneal bone, which correlates with mechanical properties of the bone and may have a predictive value for hip fractures in men \[[@CR17]\], among apparently healthy adult men. We hypothesized that skin AF would have a negative association with quantitative ultrasound among adult men.

Methods {#Sec2}
=======

Study participants {#Sec3}
------------------

The study participants consisted of adult male employees enrolled in a prospective study of risk factors for lifestyle-related illnesses or health status in Japan. Participants received annual health examinations including anthropometric measurements, hematological examinations, and, in 2009, an additional assessment including the accumulation of AGEs in skin and quantitative ultrasound examination of calcaneal bone. This study was carried out during the first week (from Monday to Friday) of August. The details of this study have been described elsewhere \[[@CR18], [@CR19]\].

The sample selection process is described in Fig. [1](#Fig1){ref-type="fig"}. In 2009, 1,263 participants had undergone health examinations for lifestyle-related illnesses. Of these, 1,215 (933 men) participated in our survey and provided their informed consent for data analysis (response rate, 96.2%). Those who underwent skin AF measurement were randomly selected (*n* = 518). Two hundred seventy-two (272) participants who had a low skin reflection (\<10%) were excluded (details are provided in the [Skin autofluorescence](#Sec4){ref-type="sec"} section below). Furthermore, we excluded 52 men who had and/or were receiving treatment for a disease that could influence bone metabolism (osteoporosis, rheumatoid arthritis, hyper- or hypothyroidism, hyper- or hypoparathyroidism, diabetes mellitus, renal dysfunction, or corticosteroid use); one man was excluded because of incomplete data. As a result, 193 men were included in the present study. None had a history of vertebral fractures. The protocol of this study was approved by the Institutional Review Board of the Tohoku University Graduate School of Medicine.Fig. 1Flow chart of the sample selection process AGEs, advanced glycation end-products

Skin autofluorescence {#Sec4}
---------------------

AGE accumulation in skin tissue was assessed on the basis of skin AF, using an AF reader (AGE Reader; DiagnOptics, Groningen, The Netherlands), as described previously \[[@CR16]\]. The AGE Reader consists of a tabletop box equipped with an excitation light source. Each measurement took approximately 30 s to complete and was performed by an independent observer. Excitation light of 300--420-nm wavelength was projected onto the skin surface through a 1-cm^2^ hole. The intensity of light emitted from the skin at wavelengths between 420 and 600 nm was measured with a spectrometer via a glass fiber. Skin AF was calculated by dividing the mean value of the emitted light intensity per nanometer between 420 and 600 nm by the mean value of the excitation light intensity per nm between 300 and 420 nm; the result was expressed in arbitrary unit (AU) and multiplied by 100 for easier evaluation. The intra- and inter-assay coefficients of variation for AGE reader measurement were 2.9--1.8%, respectively.

All AF measurements were performed at room temperature on the volar side of the lower right arm, approximately 10--15 cm below the elbow fold, with the participants in a seated position. Care was taken to perform the measurement at a normal skin site without visible vessels, scars, lichenification, or other skin abnormalities. The arm of each subject was covered with a black cloth to avoid any influence of external light during the measurement. Because creams and sunscreens can affect skin AF measurement \[[@CR20]\], we asked each participant whether they applied creams or sunscreens on their arms when skin AF was measured. No participants applied any creams or sunscreens. Since skin pigmentation influences AF measurements, particularly when skin reflection is below 10%, AF values were not used if the skin reflection was below 10% \[[@CR21]\].

Quantitative ultrasound assessment of the calcaneus {#Sec5}
---------------------------------------------------

Quantitative ultrasound assessment of the calcaneus was performed using an ultrasound system (AOS-100; Aloka Co. Ltd., Tokyo, Japan). The AOS-100 measured the speed of sound (SOS) as an index of bone density and the transmission index (TI) as an index of bone structure. The osteo-sono assessment index (OSI) was calculated using the following formula: OSI = TI × SOS^2^. OSI provides information on bone stiffness in a radiation-free, convenient, and portable manner. Because this study was conducted along with annual health examinations, a rapid and simple measurement was prerequisite. The intra- and inter-assay coefficients of variation for the OSI were 1.1--0.8%, respectively.

Assessment of other variables {#Sec6}
-----------------------------

Blood samples were drawn from the antecubital vein, with minimal tourniquet use, while the subjects were seated. Specimens were collected in siliconized vacuum glass tubes containing sodium fluoride for fasting blood glucose and no additives for lipid analyses. Fasting blood glucose concentration was measured by enzymatic methods (Eerotec, Tokyo, Japan). The triglyceride (TG), low-density lipoprotein cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C) concentrations were measured by enzymatic methods using appropriate kits (Sekisui Medical, Tokyo, Japan).

Depressive symptoms were assessed according to the Japanese version \[[@CR22]\] of the Self-Rating Depression Scale (SDS). Participants were considered as depressive when the SDS score was 45 or more \[[@CR23]\].

Blood pressure (BP) in the left upper arm was measured twice using an automatic device (YAMASU605P; Kenzmedico Co. Ltd., Saitama, Japan) following a 5-min rest in a seated position. The mean value was used as the BP value.

Anthropometric parameters (height and body weight) were recorded using a standard protocol. Body mass index (BMI) was calculated as weight (kilogram) divided by height in meters squared. Sociodemographic variables, including age and educational level, were also assessed. Educational level was assessed by determining the final grade level and was divided into two categories: lower than college level and college level and above. History of physical illness and current medication use were evaluated on the basis of "yes" or "no" responses to questions. History of fractures was obtained from a questionnaire owing to the unavailability of clinical data and was divided into two categories: those who had a history of lower extremity fractures and those who did not. Information on smoking status (never, former, or currently smoking and Brinkman index), alcohol-drinking status (never, ≥1 day/week, or 7 days/week), and occupation (desk based or not), was obtained from a questionnaire survey. Levels of daily physical activity (PA) were estimated using the International Physical Activity Questionnaire (Japanese version) \[[@CR24]\], and categorized into tertiles (low, middle, and high). Calcium, vitamin D, and alcohol intake were estimated using a brief self-administered dietary history questionnaire \[[@CR25]\]. A diagnosis of metabolic syndrome (MS) was defined according to the modified Japanese criteria (defined by the Japanese Society for the Study of Obesity) \[[@CR26]\].

Statistical analysis {#Sec7}
--------------------

All statistical analyses were performed using SPSS 17.0 for Windows (SPSS, Inc., Chicago, IL, USA).

In this study, because the distribution of all continuous variables except for systolic BP was not normal, the natural logarithm was applied to normalize the data before statistical analysis (analysis of variance \[ANOVA\], analysis of covariance \[ANCOVA\], and linear regression analysis). Descriptive statistics were computed for each variable by using logistic regression analysis and ANOVA. Descriptive data are represented as the median (interquartile range) for non-adjusted continuous variables, geometric means (95% confidence interval \[CI\]) for adjusted continuous variables, and percentages for categorical variables. Linear regression analysis was used to examine the relationship between log-transformed skin AF and other factors with log-transformed OSI. All variables included in Table [1](#Tab1){ref-type="table"} were analyzed by univariable linear regression. Variables that were at a level of significance of *P* \< 0.10 in univariate analyses were included in the multivariate models. Multiple linear regression analysis was performed to determine the independent relationship of variables with log-transformed OSI. ANCOVA using log-transformed OSI as the dependent variable and the tertiles of skin AF as independent variables was performed with adjustment for the same variables as in the multiple linear regression models. Bonferroni-corrected *P* values were used for comparisons between groups differing in skin AF. All tests for statistical significance were two-sided, and *P* \< 0.05 was defined as statistically significant.Table 1Characteristics of participants (*n* = 193)CharacteristicMedian (interquartile range) or percentage, % Age (years)45.0 (37.0--55.0) BMI (kg/m^2^)23.7 (21.9--25.8) Waist circumference (cm)85.0 (79.0--91.0) SBP (mm Hg)128.0 (118.0--138.0) DBP (mm Hg)80.0 (74.0--90.0) Fasting blood glucose (mg/dL)93.0 (88.0--100.0) TG (mg/dL)128.0 (77.0--183.0) LDL-C (mg/dL)121.0 (103.0--140.0) HDL-C (mg/dL)52.0 (43.0--58.0) Calcium intake (mg/day·2,000 kcal)460.1 (349.1--606.8) Vitamin D intake (mg/day·2,000 kcal)10.8 (7.1--16.0) High PA (median values, 48.0 METs h/week)33.2 Middle PA (median values, 12.0 METs h/week)33.2 Smoking status  Current40.3 Former13.7 Drinking status  7 drinks/week28.0 ≥1 drink(s)/week55.9 Depressive symptoms (SDS ≥ 45)29.9 Education (≥college)38.4 Desk work79.6 Leg fracture16.6 MS (JASSO)22.7 Skin AF1.96 (1.78--2.14) OSI2.75 (2.59--2.93)*BMI* body mass index, *SBP* systolic blood pressure, *DBP* diastolic blood pressure, *TG* triglyceride, *LDL-C* low-density lipoprotein cholesterol, *HDL-C* high-density lipoprotein cholesterol, *PA* physical activity, *SDS* Self-rating Depression Scale, *MS* metabolic syndrome, *JASSO* Japanese Society for the Study of Obesity, *AF* autofluorescence, *OSI* osteo-sono assessment index

Results {#Sec8}
=======

Characteristics of the 193 study participants are shown in Table [1](#Tab1){ref-type="table"}. Overall, median (interquartile range) OSI was 2.75 (2.59--2.93), and skin AF was 1.96 (1.78--2.14) AU. Median age was 45.0 years.

In the univariate analyses (Table [2](#Tab2){ref-type="table"}), log-transformed OSI was significantly associated with age, BMI, calcium intake, high PA, former smoker, and skin AF. The association of log-transformed OSI with waist circumference, education level (college level and above), and MS were borderline significance, and there was no association of log-transformed OSI with fasting blood glucose, TG, LDL-C, HDL-C, BP, vitamin D intake, middle PA, current smoker, drinking status, depressive symptoms (SDS ≥ 45), desk work, and leg fracture. Among current smokers, Brinkman index was associated with OSI (*r* = −0.16, *P* = 0.04, data not shown).Table 2Univariate linear regression models of skin AF and other factors with OSICharacteristic*βP* value Age (years)−0.26\<0.01 BMI (kg/m^2^)0.20\<0.01 Waist circumference (cm)0.130.06 SBP (mm Hg)0.030.67 DBP (mm Hg)0.010.91 Fasting blood glucose (mg/dL)−0.100.16 TG (mg/dL)−0.100.92 LDL-C (mg/dL)0.030.72 HDL-C (mg/dL)−0.010.85 Calcium intake (mg/day·2,000 kcal)0.150.03 Vitamin D intake (mg/day·2,000 kcal)0.030.64 High PA (median values, 48.0 METs h/week)^a^0.150.03 Middle PA (median values, 12.0 METs h/week)^a^−0.070.30 Smoking status^b^   Current−0.030.69 Former−0.150.03 Drinking status^c^   7 drinks/week−0.060.42 ≥1 drinks/week0.090.18 Depressive symptoms (SDS ≥ 45)−0.050.49 Education (≥college)0.120.07 Desk work0.060.42 Leg fracture0.080.22 MS (JASSO)0.130.05 Skin AF−0.25\<0.01*OSI* osteo-sono assessment index, *BMI* body mass index, *SBP* systolic blood pressure, *DBP* diastolic blood pressure, *TG* triglyceride, *LDL-C* low-density lipoprotein cholesterol, *HDL-C* high-density lipoprotein cholesterol, *PA* physical activity, *SDS* Self-rating Depression Scale, *MS* metabolic syndrome, *JASSO* Japanese Society for the Study of Obesity, *AF* autofluorescence^a^Reference category is low PA^b^Reference category is never^c^Reference category is ≤1 drink/week

To determine whether skin AF was independently associated with OSI, we performed a multiple linear regression analysis using skin AF and other variables associated with OSI in the univariate analyses (Table [3](#Tab3){ref-type="table"}). Although waist circumference had a tendency to associate with OSI in the univariate model, waist circumference was not included in the multivariate model since it was strongly correlated with BMI. After adjustment for age, BMI, calcium intake, PA level, smoking status, education level, and MS, log-transformed skin AF had a negative association with log-transformed OSI (*β* = −0.218, SE = 0.069, *P* \< 0.01). Table [4](#Tab4){ref-type="table"} shows the relationship of the tertiles of skin AF with log-transformed OSI using ANCOVA. The adjusted geometric mean (95% CI) of log-transformed OSI across the tertiles of skin AF was 2.81 (2.75--2.87) for the lowest tertile, 2.81 (2.74--2.87) for the middle tertile, and 2.66 (2.61--2.73) for the highest tertile; thus, participants in the highest tertile had 5.0% lower OSI than those in the lowest and middle tertiles (Bonferroni-corrected *P* value \< 0.01).Table 3Multiple linear regression models of log-transformed skin AF with log-transformed OSICharacteristic*β*SE*P* valueParticipants (*n* = 193)   Log-skin AF−0.2180.069\<0.01Adjusted for age, body mass index, calcium intake, physical activity level, smoking status, education level, and metabolic syndrome*AF* autofluorescence, *OSI* osteo-sono assessment index, *SE* standard errorTable 4Relationship of the tertile of skin autofluorescence (AF) with log-transformed OSI among adult Japanese menTertiles of skin AFRange (unit, AU)LowMiddleHigh(1.28--1.82)(1.82--2.05)(2.05--2.88)Number of participants656464Crude2.83 (2.76--2.90)2.78 (2.71--2.85)2.68 (2.61--2.74)^\*^Adjusted^a^2.81 (2.75--2.87)2.81 (2.74--2.87)2.66(2.61--2.73)^\*,\*\*^Data are geometric means (95% confidence interval). Unit of leg extension power is watts per kilogramAnalysis of variance or analysis of covariance^\*^*P* \< 0.01; significantly different from lowest skin autofluorescence tertile (Bonferroni correction)^\*\*^*P* \< 0.01; significantly different from middle skin autofluorescence tertile (Bonferroni correction)^a^Adjusted for age, body mass index, calcium intake, physical activity level, smoking status, education level, and metabolic syndrome

Discussion {#Sec9}
==========

The present study examined the relationship between skin AF associated with AGE accumulation and OSI, a quantitative ultrasound measure, among non-diabetic adult Japanese men. Consistent with our hypothesis, our results showed that levels of skin AF were independently associated with OSI, suggesting that participants with higher skin AF had lower OSI.

In previous population studies, the relationship between AGE accumulation and fracture risk has been controversial. Some studies reported that there was no association between urinary pentosidine and fracture risk after adjustment in non-diabetic older Caucasian \[[@CR14]\] and among postmenopausal Caucasian women \[[@CR27]\]. On the other hand, in elderly Japanese women, a high level of urinary pentosidine was an independent risk factor for osteoporotic vertebral fractures \[[@CR13]\]. Possibly in line with these findings, we found a negative association between skin AF with OSI among adult Japanese men after adjustment for potential confounders, given that lower OSI may lead to higher fracture risk. Although the reasons for this discrepancy are unknown, racial differences may potentially explain the inconsistent results of the studies. While Japanese have twice the incidence of the methylenetetrahydrofolate reductase polymorphism (C677T) compared with Caucasians, Japanese subjects are predisposed to mild hyperhomocysteinemia \[[@CR28]--[@CR30]\]. Indeed, hyperhomocysteinemia caused a reduction in bone toughness through the accumulation of pentosidine in bone in rabbit models \[[@CR31]\]. Other explanation could be diet, which is a major source of exogenous AGEs \[[@CR32]\]. AGEs are especially high in Western diet, since heat-treated process enhances the formation of AGEs \[[@CR32]\], and the concentration of urinary pentosidine in Caucasian women \[[@CR27]\] was more than twofold greater than that in Japanese women \[[@CR23]\]. Therefore, Japanese who may be ingesting less dietary AGE might be more susceptible to the adverse effect of AGE accumulation.

Skin AF measurement is a noninvasive, rapid, and highly reproducible method, which effectively measures tissue AGE accumulation. This method has been validated to correspond to specific AGE skin levels, including pentosidine \[[@CR16]\]. As for the clinical significance of skin AF measurement, however, we still have a limited number of prospective studies in which Skin AF was shown to predict developments of diabetic complications \[[@CR33]\], and was associated with all-cause mortality \[[@CR34]\] in type 2 diabetes in a prospective study with a follow-up period of 3.1 years. Therefore, more prospective studies with larger sample size and longer follow-up period are necessary to establish its clinical significance.

Sell et al. have shown an exponential increase in pentosidine accumulation across the age in skin collagen \[[@CR35]\]. In a separate study, Odetti et al. have shown a similar exponential increase in pentosidine accumulation across the age in bone collagen \[[@CR5]\]. Interestingly, the level of pentosidine per unit collagen is higher in the bone as compared to the skin. This difference well corresponds to the result obtained in a cadaver study in which post-mortem bodies of human were analyzed \[[@CR36]\]. They showed that pentosidine level per milligram of collagen was more than 60% higher in the bone tissue as compared to the skin tissue. Taken together, skin and bone pentosidine levels are likely to have a positive correlation. Further study is necessary to establish this relationship, but we believe that skin AF may not only correspond to skin pentosidine accumulation, but also bone pentosidine accumulation. In rats, the accumulation of pentosidine in bone was significantly associated with the reduction of bone stiffness \[[@CR7]\]. Although the cause--effect relationship cannot be established in this cross-sectional design, we believe that skin AF may be associated with bone strength. Further prospective study is, therefore, required to establish the prospective value of skin AF on bone strength.

In the present study, we used OSI as an index of bone strength. Although OSI is not widely used to assess bone strength, quantitative ultrasound (QUS) parameters including OSI may reflect not only bone mass but also bone quality. A previous study found that impaired bone mechanical properties in diabetic rats coincided with impaired enzymatic cross-link formation and increases in glycation-induced pentosidine, despite the lack of reduction in BMD \[[@CR7]\], therefore, it is possible that AGE accumulation may more clearly be associated with OSI rather than BMD which measures bone density. In this study, OSI was 5.0% lower for the highest skin AF compared with the lowest and middle skin AFs after adjustment for confounders. Njeh et al. showed that patients with hip fractures had 8.0% lower OSI compared with control subjects \[[@CR37]\]. Therefore, the influence of preclinical AGE accumulation in bone tissue may not be negligible.

Our finding is consistent with the observation in in vitro studies that increased AGE level in bone collagen reduces bone mechanical properties \[[@CR11], [@CR12]\]. AGE accumulation significantly alters the quantity and morphology of microdamage and results in reduced fracture resistance \[[@CR38]\]. Moreover, in spontaneously diabetic rats, decreased mechanical properties of femoral bone are accompanied by increased accumulation of pentosidine, and the pentosidine content is significantly associated with the mechanical properties of bone \[[@CR6]\]. Indeed, in several studies, patients with hip fractures had higher bone pentosidine content \[[@CR9], [@CR10]\] or serum AGEs \[[@CR8]\] compared with subjects without fractures.

In addition to the adverse effects of AGEs on the material properties of bone collagen, AGE accumulation may potentially influence bone cells. AGE-modified bone collagen has detrimental effects on osteoblastic function \[[@CR7], [@CR39]\]. The effects of AGEs on osteoclastic bone resorption are controversial. Receptor-of-AGE (RAGE) knockout mice have significantly higher bone mechanical strength, probably due to decreased number of osteoclasts compared with wild-type mice \[[@CR40]\]. Furthermore, Miyata et al. showed that AGEs increased the number of resorption pits in cultured mouse bone cells as well as when AGE-accumulated bone particles were implanted subcutaneously in rats \[[@CR41]\]. In contrast, Valcourt et al. reported that bone resorption was inhibited in an in vitro study using rabbit and human mature osteoclasts seeded on AGE-modified slices \[[@CR42]\]. AGEs also inhibited the proliferation of human mesenchymal stem cells and cognate differentiation into bone \[[@CR43]\].

Although there was no association between smoking status and OSI in this study, Brinkman index was negatively associated with OSI among current smokers. Therefore, smoking may have harmful effect on bone strength among healthy adult men. As for drinking status, we found no association with OSI. A previous study reported that, among Korean men, four to seven cups of soju (the most popular liquor in Korea) is associated with the risk of reduced QUS parameters \[[@CR44]\]. When the amount of alcohol intake in our population was converted to alcohol amount per a cup of soju, only less than 20% of our participants drank the amount of alcohol corresponded to four or more cups of soju (data not shown). Thus, it is possible that the alcohol intake in our study was small in the previous study \[[@CR44]\].

This study has some limitations. First, although we adjusted for confounders such as lifestyle factors and disease, we could not exclude the possibility that bone strength was affected by other factors associated with lifestyle or disease. Moreover, because this study was a cross-sectional study, we could not conclude whether AGE accumulation in skin tissue reduced bone strength. A larger population-based prospective study should be performed to further confirm the causal relationship between skin AGE accumulation and bone strength.

In conclusion, in apparently healthy adult Japanese men, skin AF was independently associated with OSI, suggesting that the participants with higher skin AF had a lower OSI. Further studies are needed to confirm the causal relationship between skin AGE accumulation and bone strength.
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